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Introduction
Agrilus planipennis Fairmaire (emerald ash borer,
Coleoptera: Buprestidae) is an insect pest of North
American ash (Fraxinus spp. L.) introduced from Asia
(Haack et al. 2002; McCullough and Kotovich 2004).
There is evidence that A. planipennis has been estab-
lished in Michigan and Ontario, Canada since the
mid-1990s, however it was not discovered until
2002 (Siegert et al. 2007). Subsequent populations
have been identified in numerous other States and
Provinces. Within its introduced range, A. planipennis
has caused significant mortality of North American
ash (Poland and Mcculough 2006; Poland 2007).
Natural spread of this beetle does occur but estab-
lishment of satellite populations is greatly facilitated
by human movement of ash wood products and ash
nursery stock (Cappaert et al. 2005).
All species of North American ash are susceptible
to infestation by A. planipennis and these species are
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Abstract
Agrilus planipennis (emerald ash borer, Coleoptera: Buprestidae) is a pest
of ash (Fraxinus spp.) in North America and has caused mortality of ash
throughout its introduced range. One technique used for detection of
A. planipennis is the establishment and peeling of girdled trap trees. In
an effort to reduce the search effort and target detection survey efforts
within ash trap trees, a predictive model was created using data from
2007 and validated using data from 2008. In 2007 and 2008, ash trap
trees were established, harvested, peeled and inspected for A. planipennis
larvae. Gaussian curves were fit to describe the relationship between
stem diameter and relative proportion and frequency of larvae. The
observed and predicted 2008 relative proportion and frequency of larvae
did not differ in paired t-tests. Within the relative proportion and fre-
quency Gaussian models, the curves peaked at approximately 10 cm
diameter signifying the greatest proportion and frequency of A. planipen-
nis larvae occurred at 10 cm stem diameter. This peak was then brack-
eted by 2 cm on each side creating a target stem section with a top
diameter of 8 cm and a bottom diameter of 12 cm. A simple linear
regression was fit to describe the relationship between the larvae count
within the targeted 8–12 cm section of tree and the larvae per cm3 of
phloem per tree for 2007. The observed and predicted 2008 larvae per
cm3 did not differ in a paired t-test. Targeting the 8–12 cm diameter
section of the trap tree stem will reduce the amount of the tree peeled
to less than 45% with more than 50% of A. planipennis larvae within
the tree encountered in this targeted section. This reduction in the
amount of tree peeled will greatly increase the number of trees and area
surveyed for A. planipennis detection and population delimiting surveys.
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more vulnerable than native Asian host trees when
planted in the native range of A. planipennis and in
planting bed experiments (Liu et al. 2003; Rebek
et al. 2008). There is no evidence that other North
American tree species are infested by A. planipennis
(Anulewicz et al. 2006). This genus-specific vulnera-
bility to A. planipennis has fueled concern for ash
resources throughout North America in both rural
and urban settings (Cappaert et al. 2005).
Larvae of A. planipennis feed on the phloem of ash
trees from late summer to autumn and progress
through four instars. Life history usually occurs as a
progression through four instars in a single year,
however, 2-year development does occur. Typically,
larvae over-winter as pre-pupae within sapwood or
bark chambers and pupate and emerge as adults in
late spring, with variations in phenology correspond-
ing to latitude and elevation (Bauer et al. 2004;
McCullough and Kotovich 2004). Ash mortality is
induced by phloem feeding larvae that inhibit nutri-
ent movement by girdling the tree.
Detection efforts have focused on survey tools and
techniques such as girdled ash trap trees, firewood
inspections for signs, live tree inspections for symp-
toms and lured traps for adults (e.g. Cappaert et al.
2005; de Groot et al. 2006; Storer et al. 2007; Crook
et al. 2008; Francese et al. 2008). As with most for-
est pests, without early detection, A. planipennis can
become locally established, create new source popu-
lations for further dispersal and limit the effective-
ness of early control efforts (Liebhold et al. 1995;
USGAO 2006). The detection method that is consid-
ered the most effective utilizes girdled trap trees that
are 100% peeled of bark, down to a minimum stem
diameter, within a few months of the end of adult
flight season. The peeling of these trees is time con-
suming and the results may be prone to false nega-
tives. While targeting detection locations on high
risk areas may reduce the cost of detection efforts for
A. planipennis, it is important to focus detection
efforts within the host tree to reduce detection costs.
The objectives of this study were to identify a stem
diameter range with the highest proportion of A.
planipennis larvae, model the relationship between
larval frequencies and stem diameter and validate
the model with newly collected data.
Materials and Methods
Data collection for model development
Ash trap trees were established at 25 low density
A. planipennis sites in Indiana (10), Michigan (14),
and Ohio (one) during April and May 2007. Low
density sites were identified as having A. planipennis
present but with minimal ash mortality and trees
exhibiting few signs and symptoms of infestation. At
each site, two trap trees (n = 50) at least 30 m apart
were selected and girdled within the same forest
stand as part of a separate A. planipennis trapping
study (Marshall et al. 2009a). Diameter at breast
height (dbh, 1.37 m above soil surface) was mea-
sured for each tree. Trees were selected from avail-
able ash within forest stands, which included
F. americana, F. nigra and F. pennsylvanica. Girdles
were installed using a hand chainsaw to cut through
the bark and phloem in two locations on the stem
approximately 1 m above the ground and 1.25 m
above the ground; the bark and phloem between
these cuts were removed. Trap trees were harvested
during November 2007–January 2008. Trees were
stored at 4C until peeled. All portions of each tree
‡5 cm in diameter were peeled and inspected for A.
planipennis larvae, including pre-pupae in pupal
chambers. Caliper diameter of the tree stem and
stem height was measured for the location of each
larva encountered. Stem height was used to calcu-
late the percentage of each tree that was comprised
of the target stem section with the greatest propor-
tion and frequency of larvae.
Data collection for model validation
Ash trap trees were established at 60 low density
sites as defined above; 22 for Indiana, 23 for Michi-
gan, five for Ohio and 10 for Pennsylvania during
April and May 2008. At each site, a single trap tree
(n = 60) was selected, dbh measured and girdled
using a hand chainsaw as above as part of a separate
A. planipennis trapping study (Marshall et al. 2009b).
Trees were selected from available ash within forest
stands, which included F. americana, F. nigra and
F. pennsylvanica. Trap trees were harvested during
November and December 2008. Trees were stored
and peeled as above. Six sites that had been used in
2007 for model development were also used in 2008
for model validation; however, due to the destruc-
tive nature of the sampling, no individual trees were
sampled in both years.
Model development and validation
t-tests were used to identify differences in the trap
tree dbh and total larvae between sampling years.
Pooling the data for all 2007 trees with A. planipennis
larvae, we calculated the mean proportion and mean
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frequency of larvae that were found at each 1 cm
diameter increment from 3–28 cm. Relative propor-
tion was calculated as the mean proportion at each
1 cm of diameter divided by the sum of mean
proportions at all diameters (pi/Rpi, where pi = mean
proportion of larvae at ith cm of diameter). Relative
frequency was calculated as the mean frequency at
each 1 cm of diameter divided by the sum of mean
frequencies at all diameters (fi/Rfi, where fi = mean
frequency of larvae at ith cm of diameter). Relative
values were used to address the variability in
A. planipennis population size across sites. Gaussian
curves were used to characterize the relationships
between the relative proportion and relative fre-
quency of A. planipennis larvae (dependent) and the
stem diameter (independent) for 2007 data. Residu-
als from the Gaussian curves were plotted vs. stem
diameter and visually assessed for homoscedasticity
(Zar 1999). The 2007 Gaussian curve equations were
used to calculate predicted A. planipennis larval rela-
tive proportion and relative frequency for the
observed 2008 diameters. Paired t-tests were used to
test whether the mean predicted values were differ-
ent from the observed values from the 2008 data.
Correlation was used to test the relationships
between the observed and predicted values.
Stem diameter values bracketing the peak of the
Gaussian curves were selected for targeting larval
detection within ash trees. The definite integral for
the total curve, as well as for the target sections of
the curve bracketing the peak, were calculated and
used to calculate the percentage of the area under
the curve composed of the targeted stem diameters.
A t-test was used to test for differences in the per-
centage of larvae at instar stages within the target
section of the tree and the entire tree. The relation-
ship for the log transformed number of larvae for
the target stem section and the log transformed lar-
vae per cm3 of phloem for each tree (Eberhart 2007)
was tested using simple linear regression. Volume of
phloem was used to incorporate the thickness of
phloem. Statistical analyses were performed at
a = 0.05 with NCSS Statistical Software (ver. 2004).
Results
Model development
Twenty-two of the 50 trees peeled contained A.
planipennis larvae and were used in the Gaussian
curve model. These trap trees had a mean dbh of
14.36 cm (range: 10.2–20.1 cm; SE: 0.60) and
contained a mean of 91.9 A. planipennis larvae
(SE: 31.2). A significant Gaussian curve for relative
proportion of larvae and stem diameter resulted from
the analysis {relative proportion of larvae = 0.09760
· exp[)0.5 · (diameter ) 10.00293)/4.201452]; F =
62.693, df = 3, 18, P < 0.0001} (Fig. 1a). A similar
Gaussian curve for relative frequency of larvae and
stem diameter resulted from the analysis {relative
frequency of larvae = 0.09050 · exp[)0.5 · (diam-
eter ) 10.77021)/4.522112]; F = 100.928, df = 3, 18,
P < 0.0001} (Fig. 1b). Both Gaussian curve equations
had a residual mean of zero and were randomly
distributed around zero (Fig. 2).
The main peak of the Gaussian curve for both the
relative proportion and the relative frequency of lar-
vae occurred in ash trees at approximately 10 cm
stem diameter. A 2-cm bracket on either side of
10 cm was selected as the target tree section (8–
12 cm diameter). For both relative proportion and
relative frequency of larvae, the area under the
(a)
(b)
Fig. 1 Gaussian curves for (a) relative proportion and (b) relative fre-
quency of Agrilus planipennis larvae locations for 2007 in ash trees
related to stem diameter (cm). Dotted lines indicate 95% confidence
band.
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curve with a lower limit of 8 cm and upper limit of
12 cm accounts for 16.8% of the total area under
the curve. While logs with these target diameters (a
base of 12 cm and a top of 8 cm diameter) account
for a mean of 44.7% (SE: 2.3) of the stem length
of each ash tree, they did account for 54.5% (SE:
5.2) of the larvae within each tree. Also, 69.5%
(SE: 6.2) of the larvae occurring within the target
tree section were three to four instar larvae or pre-
pupae, which is not significantly different than the
whole tree [72.7% (SE: 5.4); t = )1.309, df = 50,
P = 0.2025]. A significant simple linear relationship
existed between the log transformed number of lar-
vae within the targeted tree section and the log
transformed larvae per cm3 of phloem per tree (log
larvae per cm3 = )3.7979 + 1.0234 · number of
larvae, R2 = 0.797, P < 0.0001) (Fig. 3). All trees
used to develop the model had larvae within the 8–
12 cm diameter target section.
Model validation
Thirty of the 60 trees peeled contained A. planipennis
larvae and were used in the validation of the 2007
Gaussian curve model. These trap trees had a mean
dbh of 14.97 cm (range 10.8–31.1 cm; SE: 0.43),
which was not significantly different from the 2007
trap trees (t = )0.860, df = 50, P = 0.3941). Also, the
2008 trap trees contained a mean of 161.1 A. plani-
pennis larvae (SE: 39.6), which was not signifi-
cantly different from the 2007 trap trees (t = )1.164,
df = 50, P = 0.2499).
Using the 2007 Gaussian curve equation, predicted
values of relative proportion and relative frequency
of larvae for 2008 observed diameters were calcu-
lated. The predicted relative proportion values were
not significantly different from the paired observed
2008 values (t = 0.132, df = 40, P = 0.8963). Also,
the predicted relative frequency values were not sig-
nificantly different from the paired observed 2008
values (t = 0.180, df = 40, P = 0.8587). For both rel-
ative proportion and frequency, the observed and
predicted values were significantly correlated (Fig. 4
a and b). Using the 2007 simple linear regression
model, the predicted larvae per cm3 of phloem per
tree for 2008 observed larvae within the targeted
stem diameters (8–12 cm) were calculated. The pre-
dicted values of larvae per cm3 of phloem were not
significantly different from the paired observed 2008
(a)
(b)
Fig. 2 Residual plots for Gaussian curve models describing the rela-
tionship between ash tree stem diameter and (a) relative proportion
and (b) relative frequency of Agrilus planipennis larvae.
Fig. 3 Simple linear regression for larval count within ash tree stems
at diameters 8–12 cm and larvae per cm3 of total phloem on the tree
for 2007. Dotted lines indicate 95% confidence band.
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values (t = )0.896, df = 58, P = 0.3777). Also, the
observed and predicted values of larvae per cm3 of
phloem per tree were significantly correlated
(Fig. 4c). One tree from 2008 did not have larvae
within the 8–12 cm diameter target section; however
that tree contained only four larvae in total.
Discussion
Using ash trap trees for the detection of A. planipennis
is a labour intensive and time consuming technique.
It is, however, a strategy employed by several States,
Provinces and other government agencies. The
results presented here suggest that by targeting detec-
tion efforts within a specific section of a trap tree,
between 8 and 12 cm diameter, the search effort of
field crews can be greatly reduced due to the need to
peel less than 50% of the trap tree. Also, A. planipen-
nis larvae within that specific section of an ash tree
can act as a surrogate for the density of larvae in the
entire tree. In both detection and population delimit-
ing surveys, limiting the portion of the trap tree that
is actually peeled increases the rate at which trees
can be inspected, as well as provide density informa-
tion regarding the population in question.
The Gaussian curve from the 2007 data provided a
strong description of the relationship between stem
diameter and the relative proportion and relative fre-
quency of A. planipennis larvae within ash trees. The
main peak created by this curve equation provides a
targeted diameter of the ash tree stem to find the
greatest proportion and frequency of larvae. Also, if
A. planipennis has infested an ash tree, there is a very
high likelihood that it will be detected within the
target section between 8 and 12 cm diameter. The
range of 8–12 cm diameter includes the 8–10 cm
diameter of peak larval density in young green ash
trees presented by Timms et al. (2006) from sites
that may have been more heavily infested than
those used in this study. The addition of a 2-cm
bracket on either side of that 10 cm diameter peak is
an effort to increase the search area while minimiz-
ing the odds of a false-negative survey. Increasing
the target diameter range to 7 cm top and/or 13 cm
base increases the amount of the tree needing to be
peeled while increasing the proportion of larvae
within the tree encountered by 5%. By targeting the
8–12 cm diameter section of ash trap trees, detection
survey crews can peel less than 45% of a single tree
and have the ability to encounter over 54% of the
larvae within that tree. This technique provides a
suitable alternative to peeling the entire tree. In
detection and delimiting survey programs, it is typi-
(a)
(b)
(c)
Fig. 4 Correlation scatter plots for (a) relative proportion, (b) relative
frequency and (c) density of Agrilus planipennis larvae observed and
predicted values.
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cal for field crews to peel until larvae are encoun-
tered. By beginning within the 8–12 cm diameter
targeted section of an ash tree, these crews can
increase the odds of detection in a shorter period of
time. Although one tree from 2008 did not contain
larvae within this 8–12 cm diameter section, using a
single tree within an ash stand would not be recom-
mended for a survey programme even if an entire
tree peel was utilized.
The lack of difference between the 2007 and 2008
trap trees for dbh and larval density signify the suit-
ability of the 2008 data set for validating the 2007
model. Similar tree size resulted in similar resource
availability (i.e. phloem volume) for A. planipennis
larvae. Comparing the 2008 observed with the 2008
predicted values of A. planipennis paired by diameter
resulted in no significant difference for larval relative
proportion or relative frequency, as well as signifi-
cant positive correlations. While there was variation
in the predicted and observed values, as would be
expected, this was minimal and resulted in a precise
and accurate prediction of the 2008 relative propor-
tions and relative frequencies of larvae.
In addition to the models predicting the location
of larvae within the tree, the simple linear regression
equation provides a valid prediction of A. planipennis
larval density within ash trees. The predicted 2008
larvae per cm3 of phloem did not differ from the
observed 2008 values. While targeting A. planipennis
detection within the 8–12 cm diameter section of
stem can decrease the amount of time used in a
detection survey, the larval counts from that section
can be used to assess the density of A. planipennis
larvae within the entire tree. It is important to note
that since the models were constructed using data
from girdled ash trees, there may be limitations to
predicting the A. planipennis density at the site or
stand level. However, Marshall et al. (2009) have
demonstrated that larval densities within girdled and
ungirdled ash trees do not differ.
These predictive models do not provide targeting
within a stand or forest for detection of A. planipen-
nis. Incorporating other targeting techniques may
add to the increased survey efficiency of targeting
within a single tree, such as focusing on locations
with likely human-assisted dispersal (i.e. camp-
grounds), incorporating canopy assessments to iden-
tify declining ash trees and taking into consideration
site and environmental characteristics (i.e. ash trees
in drier soils and under stress may be more suscepti-
ble to A. planipennis). These models do provide tar-
geting within trap trees set in a detection
programme or delimiting survey. With the growing
range of A. planipennis within North America,
improved detection tools will have a direct effect on
the management of this pest. By decreasing the time
needed for peeling trap trees, more area can be cov-
ered in detection and population delimiting surveys.
Once a clearly delimited population is defined, appli-
cation of various silvicultural, biological and chemi-
cal management tools can be more precise.
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